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ABSTRACT
The spin-down energy of millisecond magnetars has been invoked to explain X-ray af-
terglow observations of a significant fraction of short and long gamma-ray bursts. Here,
we extend models previously introduced in the literature, incorporating radiative losses
with the spin down of a magnetar central engine through an arbitrary braking index.
Combining this with a model for the tail of the prompt emission, we show that our
model can better explain the data than millisecond-magnetar models without radiative
losses or those that invoke spin down solely through vacuum dipole radiation. We find
that our model predicts a subset of X-ray flares seen in some gamma-ray bursts. We
can further explain the diversity of X-ray plateaus by altering the radiative efficiency
and measure the braking index of newly-born millisecond magnetars. We measure the
braking index of GRB061121 as n = 4.85+0.11−0.15 suggesting the millisecond-magnetar
born in this gamma-ray burst spins down predominantly through gravitational-wave
emission.
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1 INTRODUCTION
Cosmological gamma-ray bursts are the most energetic ex-
plosions in the Universe. They are historically split into two
categories: long and short based primarily on their observed
T90 duration, i.e., the duration where 90% of the energy is
released. Long gamma-ray bursts (T90 & 2 s) are typically
associated with the collapse of massive stars and often ac-
companied by core-collapse supernovae such as the case for
long gamma-ray burst GRB111209A and SN2011kl (Greiner
et al. 2015). Short gamma-ray bursts (T90 . 2 s) are associ-
ated with the merger of two compact objects such as a bi-
nary neutron star. The association of a binary neutron star
merger with a short gamma-ray burst was confirmed by the
coincident detection of short gamma-ray burst GRB170817A
and gravitational waves from the binary neutron star inspi-
ral GW170817 (Abbott et al. 2017a; Abbott et al. 2017b).
Regardless of the progenitor, both long and short-
duration gamma-ray bursts are accompanied by lower en-
ergy extended emission referred to as an afterglow. Tra-
ditionally, the origin of this afterglow has been attributed
to the interaction of the relativistic outflow with the sur-
rounding environment (e.g., Me´sza´ros & Rees 1993; Piran
1999; Sari et al. 1998; Meszaros 1999; Zhang 2007). These
external-shock fireball models have been largely successful
? E-mail: nikhil.sarin@monash.edu
in interpreting the afterglows of a large fraction of broad-
band afterglows of gamma-ray bursts. However, more re-
cently and in particular since the launch of the Neil Gehrels
Swift Telescope, X-ray afterglows of gamma-ray bursts have
been observed in significantly more detail highlighting po-
tential problems for the external-shock models. In particu-
lar, two observed features of X-ray afterglows are problem-
atic to explain with the fireball model; the extended plateau
seen in ≈ 50% (e.g., Rowlinson et al. 2013) of gamma-ray
burst afterglows and the sharp drop in luminosity seen in
≈ 20% (e.g., Gao et al. 2016). These observational features
are well interpreted within the framework of additional en-
ergy injection from a rapidly-spinning, highly magnetic neu-
tron star, referred to as a millisecond magnetar. Determining
whether the central engine is a black hole or a neutron star
has important implications for the nuclear equation of state,
the progenitors and rates for fast radio bursts, and the jet-
launching mechanism for gamma-ray bursts (see Kumar &
Zhang (2015) and references therein).
Millisecond magnetars were first proposed by Usov
(1992); Dai & Lu (1998); Zhang & Me´sza´ros (2001) as
a central engine for gamma-ray bursts. The millisecond-
magnetars spin-down energy provides an additional energy
source that powers the X-ray afterglow. Such a model has
been broadly successful in explaining the two aforemen-
tioned observational features (e.g., Fan & Xu 2006; Rowl-
inson et al. 2010; Rowlinson et al. 2013; Dall’Osso et al.
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2011; Lu¨ et al. 2015; Lasky et al. 2017); the plateau, which
is sustained through the additional energy injection, and the
sharp drop in luminosity, which is attributed to the collapse
of these rapidly-spinning neutron stars into black holes (e.g.,
Rowlinson et al. 2010; Lasky et al. 2014; Sarin et al. 2020).
Although broadly successful in explaining these two fea-
tures, the millisecond-magnetar model fails to explain other
observations. For example, the magnetar model can only
explain the X-ray afterglow and has no detailed prescrip-
tion for emission in other electromagnetic bands which is in-
stead attributed to the external shock (e.g., Dall’Osso et al.
2011). This emission from the external shock is believed to
be subdominant in the X-ray afterglow when a millisecond
magnetar is active. This seems plausible as, in a subset of
short gamma-ray bursts that have observations of a sharp
drop, one can see the previously subdominant emission from
the external shock again (e.g., Rowlinson et al. 2013; Sarin
et al. 2020). Ultimately, a complete model is needed which
predicts the emission across the electromagnetic spectrum.
Work by Metzger & Piro (2014); Strang & Melatos (2019) to-
wards this goal assume that the energy from the spin down
of the millisecond magnetar is dissipated through a wind,
similar to a pulsar-wind nebula. However, such models have
not been fit in detail to observations.
The spin down of a magnetar can be characterised by its
braking index. Early efforts in modelling the X-ray afterglow
with the magnetar model involved assuming the magnetar
was spinning down solely through magnetic dipole radia-
tion (Zhang & Me´sza´ros 2001; Fan & Xu 2006; Rowlinson
et al. 2013; Lu¨ et al. 2015). This assumption is in contrast to
observations that suggest newly-born magnetars spin down
through the emission of gravitational waves (Fan et al. 2013;
Gao et al. 2016; Sarin et al. 2020). Under the assumption
that the braking index is arbitrary but constant through
time, Lasky et al. (2017) measured the braking index of two
gamma-ray bursts. More recently, S¸as,maz Mus, et al. (2019)
measured the evolution of the braking index through the
coupling of the braking index to the evolution of the mag-
netic inclination angle (see e.g., Lander & Jones 2018). How-
ever, perhaps more critically, these works assume a constant
efficiency in converting between the spin-down energy of the
magnetar central engine and the resulting X-ray afterglow
luminosity, assuming that ∼ 10% of the central engine spin-
down energy is converted into an X-ray luminosity. Given
the diversity of gamma-ray burst afterglows and their envi-
ronments, it is difficult to conceive of all systems behaving
in the same way through time and with the same efficiency.
The idea of a non-constant and/or distinct efficiency
has been explored previously. Xiao & Dai (2019) model the
efficiency as dependent on the luminosity of the central en-
gine itself i.e., ηx-ray ∝ Lmagnetar, where ηx-ray is the ef-
ficiency and Lmagnetar is the luminosity of the magnetar.
This suggests that during the plateau phase, the efficiency
stays constant as the luminosity of the millisecond magnetar
is roughly constant, while at late times the efficiency drops
following the drop in luminosity from the central engine.
Another approach to account for efficiency is by consider-
ing the effect of radiative losses due to the deceleration of
the shock in the interstellar medium (Cohen et al. 1998; Co-
hen & Piran 1999). Dall’Osso et al. (2011) developed such
a model where they considered the effect of radiative losses
for a millisecond magnetar spinning down solely through
vacuum dipole radiation, a model that has since been fit to
several gamma-ray burst afterglows assuming the magnetar
emission has an angular structure (Stratta et al. 2018).
Here, we extend the model from Dall’Osso et al. (2011)
by including spin down through an arbitrary braking in-
dex and by incorporating the emission from the tail of the
prompt. We fit our model to a sample of well-studied long
and short gamma-ray bursts that have been previously sug-
gested to have millisecond magnetar central engines. We find
that our model can explain some X-ray flares seen in the X-
ray afterglow of some gamma-ray bursts, and is a better fit
to the data than millisecond magnetar models used currently
in the literature. In the process, we also measure the brak-
ing index of these millisecond magnetars. We introduce our
model for a millisecond-magnetar spinning down through ar-
bitrary braking indices and including radiative losses in Sec.
2. We then present our results for a small subset of long and
short gamma-ray bursts in Sec. 3. We discuss the implica-
tions of our results and conclude in Sec. 4 and 5 respectively.
2 MODEL
We model the emission in the X-ray afterglow of the gamma-
ray burst to be a combination of energy injection from a
newly born millisecond magnetar interacting with the sur-
rounding environment resulting in radiative loss (Cohen &
Piran 1999) and incorporating the emission from the tail of
the prompt. As mentioned in Sec. 1, such a model without
the inclusion of the emission from the tail of the prompt and
assuming the magnetar spins down solely through vacuum
dipole radiation was introduced by Dall’Osso et al. (2011).
Our extension to this model starts by generalising the spin
down of the magnetar through an arbitrary braking index
such that ÛΩ ∝ Ωn. Here, Ω and ÛΩ are the neutron stars an-
gular frequency and its derivative respectively, and n is the
braking index. This generalisation allows one to write the lu-
minosity of a millisecond magnetar spinning down through
an arbitrary braking index (Lasky et al. 2017),
Lsd(t) = L0
(
1 +
t
τ
) 1+n
1−n
. (1)
Here, Lsd is the spin-down luminosity of the magnetar, t is
the time since burst, and τ is the spin-down timescale. The
spin-down energy of the magnetar is subject to some ra-
diative loss at the shock interface, which implies (Dall’Osso
et al. 2011),
dE
dt
= Lsd − κ
E
t
. (2)
Here,
κ = 4e
d ln t∗
d ln t
, (3)
is the radiative efficiency, e is the fraction of total energy
transferred to the electrons, and d ln t∗/d ln t describes the
dynamical evolution of the shock where t∗ is the time in the
reference frame of the central engine where the energy is
transferred into the shock. In Eq. (2), the first term on the
right-hand side captures the energy injection from the spin
down of the neutron star central engine, while the second
term captures radiative losses at the shock interface. The
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lightcurve as seen by a distant observer is then,
L(t) = AtΓ +H(t − t0)κ E(t, t0)t . (4)
Here, E(t, t0) is the solution to Eq. (2), t0 is the time at which
the observer starts to see the emission from radiative losses,
A and Γ are the power-law amplitude and power-law expo-
nent, respectively, which together describe the emission from
the tail of the prompt. A lower limit on t0 is the afterglow
onset time, i.e., the time it takes the blast wave to reach the
deceleration radius (e.g., Sari et al. 1998, 1999).
The tail of the prompt emission is the power-law decay
in flux associated with the curvature effect. Photons emit-
ted at the same time but at different latitudes within the jet
opening angle will arrive at the distant observer at different
times due to propagation effects, resulting in a steep tem-
poral decay (e.g., Kumar & Panaitescu 2000; Zhang et al.
2006). The tail of the prompt therefore marks the transition
from the prompt emission phase to the afterglow emission.
Furthermore, given typical X-ray afterglows do not show
an early rise, the afterglow onset time and the associated
rise in flux is likely hidden by the emission from the tail of
the prompt. We note that previous works involving radia-
tive losses did not include the tail of the prompt emission
in their fit to minimise fitting parameters (Dall’Osso et al.
2011; Stratta et al. 2018). In later sections, we show that the
inclusion of the tail of the prompt and radiative loss subject
to energy injection from a newly-born neutron star can ex-
plain several interesting aspects of gamma-ray burst X-ray
afterglows.
3 RESULTS
We fit our model (Eq. 4) to the X-ray afterglow of a small
sample of short and long-duration gamma-ray bursts ob-
served by Swift using the nested sampler dynesty (Speagle
2019) through the Bayesian inference library Bilby (Ashton
et al. 2019). Our selection of gamma-ray bursts are chosen
as their X-ray afterglow has a shallow decay phase indicative
of central engine activity.
For our sample of gamma-ray bursts, we use the 0.3 −
10 keV flux from the Swift database using the automatic bin-
ning strategies (Evans et al. 2009, 2010). We convert the flux
into luminosity using ciao (Fruscione et al. 2006) perform-
ing k-corrections (e.g., Bloom et al. 2001). The gamma-ray
bursts analysed, their associated redshifts and T90 durations
are summarised in Table 1. For gamma-ray bursts without
a measured redshift, we assume a fiducial redshift z = 0.75
so that our model can be fit to luminosity data.
By including the effect of spindown through an arbitrary
braking index we have introduced a new model for explain-
ing X-ray afterglows of gamma-ray bursts. However, a perti-
nent question to consider: is the data better explained by the
model? We answer this question through Bayesian model se-
lection following the procedure in Sarin et al. (2019). We per-
form model selection for two models: a millisecond-magnetar
model with an arbitrary braking index (Eq. 1) and the ra-
diative losses model introduced here.
Our priors for the different models are listed in Table 2.
We note that we used the same priors for all gamma-ray
bursts except GRB051221A and GRB070809 which both
Table 1. Gamma-ray bursts analysed along with their associated
T90 duration and redshift.
GRB T90(s) Redshift
GRB050319 152.5 3.24
GRB051221A 1.4 0.547
GRB060313 0.7 N/A
GRB060729 115.3 0.54
GRB061121 81.3 1.314
GRB070809 1.3 0.2187
GRB080430 16.2 0.767
GRB111020A 0.4 N/A
Table 2. Priors for the radiative losses model with spindown
through an arbitrary braking index (Mrad-loss). The priors for the
millisecond magnetar model (Mmag) are identical except for κ, t0
and log10 E0 which are parameters not applicable to this model.
We note that a LogUniform prior is a prior that is uniform in
log-space.
Parameter [Units] Mrad-loss
A[1050 erg] LogUniform[10−10, 1015]
Γ Uniform[−7, 1]
L0[1050 erg] LogUniform[10−5, 1]
τ [s] LogUniform[102, 107]
n Uniform[1.1,7]
κ LogUniform[10−3,4]
t0 [s] Uniform[30, 400]
log10 E0 Uniform[−10, 2]
have a narrower prior on t0 to ensure the sampler converges
to the correct mode. This tighter prior choice implies that
the effect of radiative losses, and by extension the afterglow
onset, occurs earlier in these short gamma-ray bursts. In re-
ality, t0 should be informed by considering the spectra of the
gamma-ray burst itself. The transition from the tail of the
prompt to the afterglow will be marked by a spectral change
which then provides a tight constraint on t0. However, given
the difficulty in identifying a spectral change in gamma-ray
burst data and the additional fitting required we use a more
agnostic prior.
The Bayes factors1 for our analysis are shown in Ta-
ble 3. The corner plots showing the one and two-dimensional
posterior distributions for all gamma-ray bursts are avail-
able online (Sarin 2020). We find that all eight gamma-
ray bursts analysed favour the inclusion of radiative losses
over the magnetar model. The weakest support comes from
GRB070809 which has a weak preference for the radiative
losses model. In other words, for this gamma-ray burst, the
inclusion of the additional radiative losses physics does not
provide a significantly better fit to the data. This weak pref-
erence may indicate that the effect of radiative losses is neg-
ligible in this gamma-ray burst or that more simply, there
is insufficient data to probe the effects of this model. We
return to this point in Sec 4.
1 For clarity, we note that BFa/b = 2 indicates model a is twice
as likely as model b.
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Table 3. Gamma-ray bursts analysed along with the lnBF for
the radiative losses (Eq. 4) model compared with the magnetar
model (Eq. 1)
GRB lnBFMrad-loss/Mmag
GRB050319 3.1
GRB051221A 160.2
GRB060313 183.7
GRB060729 141.2
GRB061121 241.2
GRB070809 0.3
GRB080430 51.4
GRB111020A 93.9
3.1 X-ray flares
Flares are fast-rising then exponentially decaying features
seen in several long and short gamma-ray bursts. While
more prevalent in long-duration gamma-ray bursts, they
have been observed in several short gamma-ray bursts as
well, suggesting the mechanism behind them may be uni-
versal (e.g., Perna et al. 2006). However, they are also di-
verse and no one mechanism can successfully interpret the
different characteristics (e.g., Kumar & Zhang 2015).
A subset of flares are seen at the onset of the X-ray af-
terglow of a large fraction of gamma-ray bursts (OaˆA˘Z´Brien
et al. 2006). Here, the onset of the afterglow marks the tran-
sition from the steep decay attributed to the tail of the
prompt emission. A flare near this transition is difficult to
explain with an external shock origin, and has been sug-
gested to require central engine activity (Zhang et al. 2006),
or specifically in the case of short gamma-ray bursts, mag-
netic reconnection events (Fan et al. 2005).
We find that our model can explain these flares as the
breakout of excess energy in the relativistic blast wave at
the onset of the afterglow. Here specifically, the flare is the
product of the excess energy and transition to emission de-
scribed by radiative losses with a millisecond magnetar cen-
tral engine (i.e., the transition to the second term on the
right-hand side in Eq. 4). The size of the flare is related to
the amount of energy that is in the relativistic blast wave at
the onset of radiative losses. The decay indices of the flare
itself are determined by the radiative efficiency κ; in general,
smaller κ produce more gradually decaying flares. Although
this mechanism can successfully explain the diversity in size
and decay index of flares seen in gamma-ray bursts, it likely
cannot explain multiple flaring episodes. The excess energy
will likely only generate one flare and such a flare will occur
at the onset of the afterglow emission implying that other
flares must be generated differently. Flares that occur later
in the X-ray afterglow may also be products of radiative
losses and excess energy but to explain such features the en-
ergy injection mechanism will need to be modified from the
model we have used (Eq. 1).
In Figure 1, we show our fit to two short gamma-ray
bursts, GRB060313 and GRB111020A which have flares
near the transition of the tail of the prompt and the af-
terglow. Our model successfully explains the flare size and
decay while also being a good fit for the rest of the data. In
particular, GRB111020A has a bi-modality in the location
of the flare. This is a product of the uncertainty in t0 (i.e.,
Figure 1. X-ray lightcurves for two short gamma-ray bursts.
Black points indicate data from Swift. The blue curve shows the
maximum likelihood model for the radiative losses model (Eq. 4).
The dark red band is the superposition of 100 models randomly
drawn from the posterior distribution. The flare seen in the onset
of the plateau phase is naturally explained by the radiative losses
model. We also show the underlying spin-down luminosity from
the nascent magnetar in dashed lines.
the time where radiative losses turn on) given the sparsity of
the data near the flare this parameter is poorly constrained,
resulting in a bi-modality in when the flare occurs. Given
the magnetar model without radiative losses (Eq. 1) cannot
explain flares, it is not surprising that both these gamma-
ray bursts strongly favour the radiative losses model (see
Table 3).
3.2 Long gamma-ray bursts
Long gamma-ray bursts are associated with the collapse of
massive stars. The afterglow of these bursts has been ex-
tensively studied, and for the vast majority of gamma-ray
bursts, been largely in agreement with the predictions of
the external shock model. A few gamma-ray bursts do, how-
ever, have sharp drops or plateaus indicative of a magne-
tar central engine, in particular, GRB050319, GRB060729,
GRB061121, and GRB080430 (e.g., Dall’Osso et al. 2011;
Xiao & Dai 2019; Lu¨ et al. 2019). These four gamma-ray
bursts are well studied, partly due to their plentiful obser-
vations and have been fitted with the millisecond-magnetar
model on numerous occasions (e.g., Dall’Osso et al. 2011;
Xiao & Dai 2019). Notably, the former included the effect
of radiative losses with vacuum dipole radiation, while the
latter assumed the X-ray luminosity is entirely from vac-
uum dipole radiation but the magnetar was spinning down
through an arbitrary braking index.
We fit our model to these four aforementioned gamma-
ray bursts, with our results shown in Figure 2. Since these
gamma-ray bursts have plentiful observations, we are also
able to constrain the inherent emission from the millisecond
magnetar itself, which is shown as the dashed curves in Fig-
ure 2. We note that the inherent emission of the millisecond
magnetar for GRB050319 and GRB061121 closely follows
the observed lightcurve suggesting the impact of radiative
losses is minimal. By contrast, GRB060729 and GRB080430
show vast differences between the observed lightcurve and
the inherent emission from the magnetar, suggesting radia-
tive losses play a critical role. This impact of radiative losses
is determined through κ, the radiative efficiency parameter,
MNRAS 000, 1–8 (2020)
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Figure 2. X-ray lightcurves for four long gamma-ray bursts.
Black points indicate data from Swift. The blue curve shows the
maximum likelihood model for the radiative losses model (Eq. 4).
The dark red band is the superposition of 100 models randomly
drawn from the posterior distribution. We also show the under-
lying spin-down luminosity from the nascent magnetar in dashed
lines. For GRB050319 and GRB0601121 the observed emission
closely follows the spin-down luminosity of the nascent magnetar,
while for GRB060729 and GRB080430 the observed luminosity is
significantly different. This is direct consequence of the different
radiative efficiency κ for these gamma-ray bursts.
with lower values indicating radiative losses is more impact-
ful. Why the impact of radiative losses is different in these
gamma-ray bursts is an intriguing question, which we dis-
cuss in more detail in Sec 4. These gamma-ray bursts are all
well fit by the radiative losses model and comparing Bayes
factors (see Table 3), they strongly favour the inclusion of
radiative losses over the magnetar model.
3.3 Short gamma-ray bursts
Short gamma-ray bursts are associated with the merger
of compact objects. The multimessenger observations of
GW170817 confirmed that binary neutron star mergers are
the progenitors of some short gamma-ray bursts (Abbott
et al. 2017b; Goldstein et al. 2017). One of the motivations
for determining whether millisecond magnetars exist in the
aftermath of a short gamma-ray burst is to determine the
maximum mass of neutron stars, and therefore the nuclear
equation of state.
Unlike long gamma-ray bursts, short gamma-ray bursts
from neutron star mergers have a well-defined progenitor
mass distribution, motivated by the galactic double neutron
star distribution (Kiziltan et al. 2013). However, the recent
detection of GW190425 suggests the local binary neutron
star distribution may be a poor representation of binary
Figure 3. X-ray lightcurves for four long gamma-ray bursts.
Black points indicate data from Swift. The blue curve shows the
maximum likelihood model for the radiative losses model (Eq. 4).
The dark red band is the superposition of 100 models randomly
drawn from the posterior distribution. In dashed lines we show
the underlying spin-down luminosity from the nascent magnetar.
neutron stars mergers (Abbott et al. 2020). Determining
whether a short gamma-ray burst produced a black hole
remnant or a millisecond magnetar can immediately inform
the maximum mass. In reality, this is much more compli-
cated as unless accompanied by gravitational waves from
the inspiral, short gamma-ray bursts cannot alone provide
a measurement for the maximum mass. For GW170817,
the only coincident binary neutron star merger and short
gamma-ray burst to date (GW190425 did not have any co-
incident electromagnetic observation (e.g., Coughlin et al.
2019; Hosseinzadeh et al. 2019)), there is still no strong con-
sensus on the fate of the post-merger remnant (see Ai et al.
(2019) for a review for the different possibilities).
We use our model to analyse the afterglow of two short
gamma-ray bursts: GRB051221A and GRB070809. The for-
mer is a well-studied gamma-ray burst commonly associated
with a millisecond magnetar central engine (Fan & Xu 2006;
Soderberg et al. 2006). However, it has been subject to sig-
nificant debate with analysis by Lu¨ et al. (2015) finding the
afterglow to have a post-jet break index α ≈ −1 which is con-
sistent with an external shock model or suggestive of magne-
tar spin down through gravitational-wave emission. We dis-
cuss this point in greater detail in Sec. 3.4. GRB070809 is
another short gamma-ray burst with a plateau in the X-ray
afterglow suggestive of a neutron star central engine. Fur-
thermore, it was recently identified to be associated with
a blue kilonova counterpart (Jin et al. 2020) which natu-
rally suggests a long-lasting neutron star central engine (e.g.,
Margalit & Metzger 2017). We find that our model can suc-
cessfully explain the observations of both gamma-ray bursts
with our fits shown in Figure 3.
Comparing Bayes factors for both the model with radia-
tive losses and without, we see that GRB051221A strongly
favours the inclusion of radiative losses. Furthermore, while
the observed lightcurve is consistent with a post-jet break
index of α ≈ −1, the inherent emission from the millisec-
ond magnetar is significantly different, implying a different
braking index. We discuss this in more detail in Sec. 3.4.
GRB070809 has a weak preference for the model includ-
ing radiative losses. This may be indicative of the small ef-
fect of radiative losses for this gamma-ray burst, but given
the relatively small amount of data, it is equally likely that
MNRAS 000, 1–8 (2020)
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Figure 4. Measured millisecond magnetar braking indices for all
gamma-ray bursts analysed in this paper and GRB140903A and
GRB130603B with the radiative losses model (Eq. 4). The blue
dashed line indicates n = 3, the braking index associated with
vacuum dipole radiation.
the data cannot distinguish between the two models signifi-
cantly. This is apparent when looking at the inherent emis-
sion from the millisecond magnetar for GRB070809.
3.4 Braking index
As discussed in Sec. 1, millisecond-magnetar models initially
assumed the magnetar was spinning down solely through
vacuum dipole radiation. This assumption was relaxed and
used to measure the braking index of two millisecond mag-
netars born in GRB130603B and GRB140903A finding only
the former to be consistent with n = 3 associated with vac-
uum dipole radiation (Lasky et al. 2017). Newly born mil-
lisecond magnetars are not expected to spin down solely
through vacuum dipole radiation, instead, implying a signif-
icant amount of early gravitational-wave emission (e.g., Fan
et al. 2013; Gao et al. 2016; Sarin et al. 2020). Furthermore,
mechanisms such as twisted magnetosphere (e.g., Thompson
et al. 2002), magnetic field axis evolution (e.g., Cutler 2002)
which are expected to be important in newly born millisec-
ond magnetars (e.g., Lasky et al. 2017; Lander & Jones 2018)
all predict the braking index n . 3. Several more braking
index measurements from gamma-ray bursts with putative
millisecond magnetar central engines have been made (Xiao
& Dai 2019; Lu¨ et al. 2019), however, none of these consider
the effect of radiative losses.
In Fig 4, we show the braking index measurements with
the radiative losses model for the eight gamma-ray bursts
analysed in this paper. We also show the braking index
measurement for the two aforementioned gamma-ray bursts,
GRB130603B and GRB140903A which were measured pre-
viously (Lasky et al. 2017) but we revisit with the radiative
losses model. In a simplistic view, the impact of radiative
losses is to lower the braking index. The braking index is
measured by the slope of the curve after the plateau phase
ends, a shallower slope indicating a higher braking index. In-
clusion of radiative losses means the shallower observations
of the lightcurve can instead be explained by the radiative
losses and therefore implies a steeper slope for the braking
index.
For GRB051221A in particular, without the inclusion of
radiative losses, we measure the braking index n = 4.51+0.45−0.38.
Such a high braking index would imply a significant amount
of energy released in gravitational waves at up to ∼ 105 s
post-formation. While not impossible, this is difficult to ex-
plain (e.g., Lasky & Glampedakis 2016). However, by in-
cluding radiative losses, which is the preferred model, we
measure n = 1.96+0.38−0.27 (68% confidence interval), alleviating
this concern.
The braking index of GRB061121 is also intriguing, we
measure n = 4.85+0.11−0.15 (68% confidence interval) with the ra-
diative losses model which is consistent with the conclusion
that the millisecond magnetar is spinning down predom-
inantly through gravitational-wave emission. We do how-
ever caution that since this is a long gamma-ray burst,
there may be additional effects, such as fall back accretion
that may make such a measurement unreliable. At a red-
shift of z = 1.314, the gravitational-wave emission from such
an object will not be observable individually in aLIGO or
with third-generation telescopes such as the Einstein Tele-
scope (e.g., Sarin et al. 2018). However, it does suggest that
millisecond magnetars born in long gamma-ray bursts may
spin down through gravitational-wave emission and that
such a population of gravitational-wave sources may be ob-
servable as part of the stochastic gravitational-wave back-
ground.
4 IMPLICATIONS
The inclusion of radiative losses, the tail of the prompt, and
the spin down through an arbitrary braking index can suc-
cessfully explain several aspects of gamma-ray burst X-ray
afterglows. The radiative efficiency κ controls the shape of
the plateau and how much of the inherent emission from
the central engine is directly visible to the observer. Higher
values of κ imply the observed lightcurve closely follows
the inherent emission from the millisecond magnetar, while
smaller values of κ imply the effect of radiative losses is
larger, and the observed lightcurve is visibly different from
the emission from the millisecond magnetar. In general, we
notice that gamma-ray bursts in a host galaxy with a higher
density have smaller κ i.e., the impact of radiative losses
is larger. This seems plausible as a denser medium likely
means more radiative loss at the shock-interface. However,
we leave the exploration of this correlation to future work
with a larger selection of gamma-ray bursts.
Radiative losses can also explain the diversity in size and
decay of X-ray flares seen at the onset of the afterglow. We
have shown this for two gamma-ray bursts, GRB060313 and
GRB111020A. In our model, the flare is a natural product of
excess energy in the relativistic blast wave at the onset of the
afterglow phase. Such a mechanism can only generate one
flare, but we note that later flares may also be a product
of radiative losses. However, modelling this will require a
modification to the energy injection term we have used in
this work.
In our model, κ encodes two terms; e; the fraction of
total energy transferred to electrons, and d ln t∗/d ln t, which
describes the dynamical evolution of the shock. The dynam-
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ical evolution of the shock is difficult to constrain and re-
quires detailed hydrodynamical modelling which would not
be sufficiently fast making the fitting procedure computa-
tionally difficult. The former term is easier to probe, the
afterglow emission from the external shock of a gamma-ray
burst can provide a measurement for e. Unfortunately, one
cannot use the X-ray observations to make this measure-
ment as owing to the putative magnetar, the external-shock
emission is likely subdominant, and if not, it is difficult to
decouple the emission from the central engine and one from
the external shock. This motivates the need for a general
model which includes the effect of both a millisecond mag-
netar and an external shock which we leave for future work.
If one could measure e independently, through the afterglow
observation in another electromagnetic band, for example,
this would allow the decoupling of the two terms in κ and
direct measurement of the dynamical evolution of the shock.
Under simple assumptions this could lead to a measurement
of the decay index for the Lorentz factor and provide a com-
plementary way of determining the structure of the jet. In
this paper, we work only with the X-ray afterglow data and
therefore cannot decouple the two parameters.
The radiative losses model introduced here can explain
all the resolvable features in all eight gamma-ray bursts we
have analysed. However, successfully fitting this model for
all observed gamma-ray bursts is problematic. In particu-
lar, measuring t0 is difficult, and given this parameter is co-
variant with κ and E0 makes analysing all gamma-ray bursts
onerous. As mentioned previously, t0 can be constrained by
identifying the time of a spectral change which marks the
transition from the prompt to the afterglow. In practice, this
is difficult given the uncertainties on the data. Furthermore,
given typical Swift slew times, it is often missed entirely.
This problem of measuring t0 can be alleviated if there are
sufficient observations in the transition between the tail of
the prompt and the plateau as for gamma-ray bursts anal-
ysed here. However, there are notable exceptions, such as
GRB130603B which do not have such observations.
5 CONCLUSION
We have introduced a new model for the X-ray afterglow
incorporating radiative losses at the shock interface with
spin down of a magnetar central engine through an arbitrary
braking index. By including this new model with emission
from the tail of the prompt, we find we can naturally ex-
plain a variety of X-ray flares that produce an excess at the
onset of the plateau phase. We find that radiative loss can
explain both the diversity and sizes of such X-ray flares. In
our model, these flares are the result of an energy breakout.
We also fit our model to a small subset of long and
short gamma-ray bursts, the sample selected as they have
extensive observations and have been previously suggested
to have millisecond magnetar central engines. In the process,
we measure the braking index of eight putative magnetars
born in gamma-ray bursts. We find these braking indices to
be lower than other works (e.g., Xiao & Dai 2019; Lu¨ et al.
2019), which did not take into account radiative losses and
assumed that the X-ray luminosity is only generated through
vacuum dipole radiation. We perform Bayesian model selec-
tion between our newly-derived model and one that does not
take into account radiative losses, finding for all gamma-ray
bursts analysed radiative losses can better explain the data.
We find that radiative loss can naturally explain the di-
versity of X-ray plateaus by altering the radiative efficiency
κ which is a function of the hydrodynamical evolution of the
shock and the fraction of total energy transferred to elec-
trons. However, probing this further requires jointly fitting
different electromagnetic bands with X-rays or developing a
model that incorporates both the emission from the exter-
nal shock and the emission from the central engine. We leave
this extension, the exploration of the radiative efficiency, and
application of this model to a larger catalogue of short and
long gamma-ray bursts to future work.
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